Abstract: Polysaccharides are a natural and renewable feed stock for synthesizing high performance macromolecular materials. However, their structure does not allow reaching all properties required for specific applications and chemical modifications are necessary to reach such objectives. Despite the use of natural polymers, the chemistry and processes employed are not environment-friendly due to the nature of chemicals, solvents or because the conventional chemical process are energy-consuming. On the other hand, microwave assisted processes were developed in organic chemistry since the 1980s and more recently for polymer chemistry (polymer formation and modification). Within the chemistry of natural polymers, the use of microwave irradiation has been exploited in the past two decades to alleviate limitations in the synthesis of graft modified polysaccharide materials. Microwave heating is described as more homogeneous, selective and efficient as compared to conventional heating resulting in faster reactions with fewer or no side products as example. Different results reported within the recent literature will be discussed considering the role of microwave irradiation and its consequence on the reaction parameters and properties of final materials. Grafting of polysaccharides, specific modification of polysaccharides or fibers particularly for preparing smart textiles or medical products as well as reactions of polysaccharides to valuable bio-platform molecule will be discussed.
Introduction
Polysaccharides are a natural and renewable feed stock for synthesizing high performance macromolecular materials [1, 2] . They are abundant in nature, universally found in almost all living organisms. They are present in various tissues of seeds, stems and leaves of plants, body fluids of animals, shells of crustaceans and insects. They are also found in the cell walls and extra cellular fluids of bacteria, yeast and fungi. However their structure does not allow achievement of all properties required for specific applications and chemical or enzymatic modifications are necessary to reach such objectives. Modifications are often carried out through derivatization of functional groups, grafting of polymeric chains, oxidative, hydrolytic as well as enzymatic degradations…. Despite the use of natural polymers, the chemistry and the processes employed are no longer environment-friendly mainly due to the nature of chemicals, solvents and because the process is energy-consuming. To reduce these drawbacks, research groups studied environment-friendly processes during the last years with the objective to reach so many "green chemistry" principles [3] as possible. Among the processes, radiation-induced techniques (gamma rays, electron beam, Ultra Violet or microwave) show an increased development during the last decades. In particular, microwave assisted processes were developed in organic chemistry since the 1980s and for polymerization reactions only more recently [4] . The use of microwave irradiation as an energy source for polymer chemical reactions has been extensively investigated during recent years [5] . Specifically it has been exploited in the past two decades to alleviate limitations in the synthesis of graft modified polysaccharide materials [6] .
Microwave irradiation (MW) consists in electromagnetic waves and standard equipments operate at a frequency of 2.45 GHz to avoid interferences with radio and radar frequencies. Within this region of electromagnetic energy, only molecular rotation is affected, not molecular structure. The energy involved in matter-MW interactions (calculated from Planck's law) is much lower than the energy of Brownian motion, hydrogen interactions and those that induce chemical activation. As a direct consequence, no reaction exists that only proceeds in the microwave field but it occurs quicker and is more selective. They are always similar under classical reactions, i.e., thermal heating. Microwaves couple directly with the molecules that are present in the reaction mixture, leading to an instantaneous and localized rise in temperature. Microwave heating also offers facile reaction control, it can be described as "instant on -instant off". Under microwaves, polar molecules try to align themselves with the rapidly changing electric field of the microwave and results in a transfer of energy. Absorption of MW by materials is mainly connected with electromagnetic interactions which are specific to polar or ionic molecules. Up to now, some research teams still carry out assisted microwave chemistry using modified domestic ovens, the experimental conditions are then difficult to control and reproduce and the results have to be deeply analyzed to compare the results with those conducted under conventional heating. From the late 1990s, more reliable equipment with proper control over temperature (equipped with cooling system in most cases), stirring and pressure have been developed. Two types of microwave reactors are nowadays available for chemists; multi-mode and mono-mode (or single-mode). Within the later, the electromagnetic beam is focused and located in the center of the reaction vessel; therefore, the reactor cavity is designed for dedicated vessel. This enables the reactive medium to be placed in the position of maximum electric field for optimum transfer of the electromagnetic energy.
We present examples to illustrate the interest of such processes to modify the structure and/or the architecture of polysaccharides in relation with their applications without having the objective to be exhaustive and present a complete review of such a very wide domain.
Grafting of polysaccharides
Grafting of synthetic monomers onto natural polymers is of great interest because of its application in the biomedical and biodegradable materials, as examples. Synthetic protocols for graft polymerization can be classified into three main groups, free radical polymerization, ionic and ring opening polymerization and living radical polymerization. Polymer chains are grafted on polysaccharides through three main strategies: the "grafting through", the "grafting on" and the "grafting from" processes. The "grafting from" approach is one of the most commonly used and gives products with high graft density owing to easy accessibility of functional groups. It involves the use of a natural polymer with pendant functional groups which can be activated to initiate the tethering of an incoming monomer. Microwaves irradiation is one of the most contemporary techniques used in graft copolymer synthesis. Their utility stems from the fact they cause selective and targeted excitation of only polar bonds, resulting in their cleavage and consequent generation of radical sites [7] . The C-C backbone of the preformed polymer being relatively non polar remains unaffected by microwave irradiation. Thus, the structural integrity of the backbone remains intact. Microwave based graft copolymer synthesis is further classified into two types: microwave initiated synthesis (using microwave irradiation alone to initiate grafting) and microwave assisted synthesis (using a synergism of microwave irradiation and chemical free radical initiator to initiate the grafting reactions) [8] . Moreover, taking into account environmental and safety considerations, attempts to replace organic solvents by safer and more environment friendly medium present a new, and now deeply developed interest. In this context, using a polar medium such as water appears to be an interesting option because of its abundance, non-toxic, non-corrosive and non-flammable nature [9] .
A first example concerns polyacrylamide-grafted-tamarind kernel polysaccharide (TKP) [8] and its use as a biodegradable polymeric flocculant. Flocculation is a means of removing organic and inorganic contaminants from wastewater and involves the aggregation of dispersed particles into larger flocs that can be separated from the water. Organic or inorganic chemicals can be used for such an application. Natural flocculants have the advantage of low cost and biodegradability [10] but this latter character is also a drawback, since it potentially reduces storage life and the flocculation performance [10] . Grafting polyacrylamide chains onto polysaccharides allows developing efficient flocculants combining the best properties of both components [11, 12] . The grafted polymers are usually synthesized by conventional redox grafting methods [13] , γ-ray irradiation [14] or by using electron beams [15] . Polyacrylamide-grafted-tamarind kernel polysaccharide was prepared by conventional redox grafting, microwave-initiated and microwave-assisted grafting. Flocculation efficiency was determined by the measurements of turbidity and the reduction of the total pollutant load of the different wastewaters. Under their experimental conditions, the authors noted the formation of free radicals from the polysaccharide backbone and acrylamide monomers. These free radicals would recombine with each other through initiation, propagation and termination steps to produce graft copolymers (Fig. 1 The bold values are related to polymers considered for floculation experiments in Figure 2 .
Different reaction conditions allow the preparation of different graft copolymers (Table 1) . Grafting reaction over TKP has been studied by varying both the concentrations of TKP, the monomer to be grafted and the redox initiator under both conventional and microwave heating. The grafted TKP exhibiting the highest performances has been obtained under microwave assisted reaction (entry TKP-g-PAM 6 (MA), Table 1 ). The reaction has been let under microwave only for few minutes under 900 W below 70 °C, while it takes 24 h under conventional heating to get a grafted polymer with lower performances. TKP-g-PAM 6 exhibits the highest radius of gyration. Within this study the measurement of the intrinsic viscosity is directly related to the length of the graft chains. The flocculation characteristics of grafted copolymers were compared in a kaolin suspension (Fig. 2) .
The optimized grades of graft copolymers show the best flocculation efficiency. These copolymers have the highest percentage of grafting, intrinsic viscosity and higher molecular weight. These properties result in a higher radius of gyration as well as pervaded volume and hence a higher flocculation efficiency [16] . The reason for the better flocculating power of the graft copolymers over the linear polymer is essentially due to the polymer bridging; the segments of a polymer chain adsorb onto different particles linking the particles together [17] . Another example in relation with similar applications is the grafting of methylmethacrylate onto Cassia seed gums [18] . Different species of Cassia with differences in the saccharide content were grafted with different acrylic monomers under conventional as well as under microwave heating in both aqueous and bulk media ( Table 2) . Though the Cassia seeds gums had the same constituent monosaccharides, their behavior to accept vinyl grafts on microwave grafting was very different as reflected by the difference in grafting yields and efficiencies in different sets of experiments. It is clear that, at the same monomer concentration, the microwave power and exposure time required to reach the optimal grafting depends on the polysaccharide type, i.e., the ratio of the sugar components in the macromolecular backbone, the molecular weight and the secondary structure. This observation suggests that by controlling the molecular size of the polysaccharide (by partial depolymerization), the grafting efficiency under microwave irradiation can be controlled to target a material with specific properties. Microwave grafting was carried out in microwave initiated process in absence of initiator and the resulting copolymer was used for the Cr(VI) removal from solution ( Table 3 ). The conventionally prepared copolymer was found less efficient in Cr(VI) removal as compared to the microwave synthesized one. As above, the grafting efficiency is better under microwave, and the modified polymer obtained under this experimental condition offers extra sites for the surface adsorption of cations.
The last example dealing with the modification of polysaccharides concerns the grafting of poly(N-vinyl-2-pyrrolidone) onto alginate and its application in controlled drug release [19] . N-vinyl-2-pyrrolidone is a hydrophilic and nonionic monomer and its polymerization may be easily initiated through thermal or photochemical free radical routes [20] . Poly(N-vinyl-2-pyrrolidone) (PVP) shows excellent biocompatibility with living tissues and low cytotoxicity, which makes it an excellent candidate as a carrier of some hydrophilic or hydrophobic drugs [21] . As an example, the grafting reaction of PVP onto alginate allows the preparation of pH-responsive beads containing Ibuprofen with high entrapment efficiency. PVP was grafted onto sodium alginate through microwave irradiation and the grafting mechanism is based on free radical mechanism using microwave irradiation in synergism with an azo-initiator (AIBN) to generate free radical sites on the polymer backbone. Ibuprofen was loaded within the hydrogel beads previously crosslinked with glutaric aldehyde. Beads formed are almost spherical in shape and showed rough and porous surface by comparison with smooth surface of sodium alginate beads, which is also a proof of PVP grafting onto alginate. The release results are in accordance with the equilibrium swelling degree, diffusion constant observations. The drug release mechanism from the grafted beads was found to be non-Fickian transport from the analysis using the Peppas model [22] .
Specific modifications on polysaccharides
Polysaccharides possess functional groups (hydroxyl, amino…) which allow specific reactions either using any chemical or enzymatic process. The first example concerns the reductive amination of chitosan to prepare amphiphilic polysaccharides. Chitosan is a N-deacetylated derivative of chitin, which is one of the most abundant organic materials found in crustacean, mollusks and insects where it is an important constituent of the exoskeleton. Chitosan (Chi) is biodegradable, biocompatible, non-irritant [23] and exhibits good Table 3 Cr(VI) removal by Microwave and Conventionally synthesized graft copolymer using 0.1 g/20 mL adsorbent dose at pH 1.0; T = 30 °C, 150 rpm, and contact time 18 h (from [18] film-forming properties and high mechanical strength and adhesion [24, 25] . All these characteristics make it suitable for a wide range of applications such as controlled delivery systems [26] [27] [28] [29] , wastewater treatments [30, 31] , packaging [32] [33] [34] , separation membranes [35, 36] , biosensors [37] [38] [39] . However, to improve its physico-chemical properties and widen the domain of applications it is possible to modify its structure due to the presence of hydroxyl and amino groups on the macromolecular chain. The presence of amino groups gives the opportunity of specific reactions such as N-alkylation, N-carboxylation or crosslinking… [40] .
N-alkylation allows preparing amphiphilic derivatives of chitosan which possess specific properties such as rheological (and their autoassociative character) [41] or surface active characteristics [42] . This class of polymers has found a widespread use in technical formulations. Their main function is as rheology modifiers (particularly thickening agents) especially in aqueous based formulations within numerous industrial domains such as paints, oil recovery, cosmetic or foods [43] , or emulsion stabilizers [44] . However, their elaboration process presents disadvantages considering environmental point of view either from the energy needs or the number and/or nature of chemicals involved. The alkylated chitosan derivatives were obtained by reductive amination following the procedure described by Yalpani and Hall [45] . The scheme of the reaction is given in Scheme 1.
A study has been conducted to compare conventional and microwave heating [46] . Whatever the chitosan sample, the target degree of alkylation and the temperature are, the yields obtained under microwave irradiation are larger than those obtained with conventional heating (Fig. 3) . It is worth noticing that the microwave assisted reactions have been done within a monomodal mode and specific attention has been dedicated to the control of the irradiation and temperature profiles in order to have an accurate comparison between both types of heating.
The sample related to the 10 % alkylation of the larger molar mass chitosan can be specially considered: the microwave assisted reaction at 40 °C for 1 h allows a 35 % increase in the yield. When the different parameters (molar masses of chitosan to be modified, temperature and reaction duration) are considered it is observed that the molar mass has not a significant effect within the studied range (up to 200 000 g mol -1 ). Moreover neither polymer degradation not deacetylation was observed during the reaction proceeded under microwave irradiation. The physico-chemical properties, either rheological or interfacial, are similar to those obtained with derivatives prepared using a conventional heating [46] .
The enzymatic reactions may be also performed under microwave irradiation. Lukasiewicz and Kowalski [47] have carried out the low power microwave-assisted esterification of starch with acetic, lauric or stearic acid in presence of lipase. Lipases are a class of biocatalysts that may be employed in esterification, ester hydrolysis or transesterification processes [48] . Enzymes are known as very thermostable and active, even if an organic solvent is used as a reaction medium. Low power (80-160 mW/g of sample) microwave irradiation was used to allow the action of hog pancreas lipase on starch considering two solvents, DMSO known as a very good starch solvent and DMF as effective solvent for lipase meditated reactions. Using DMF suspensions result in higher degree of substitution and lower degradation. The application of DMSO as the reaction medium is also possible. But the differences probably rely on the nature of the solvent. More polar ones, like DMSO, seem to have stronger influence on the steric structure of the lipase molecules [49] . The conformation changes of the enzyme might affect its catalytic mechanism. The solvent effect does not depend on a heating method that additionally testifies its strong effect. Another explanation may be the solubility of starch in DMSO. After dissolution, the accessibility of hydroxyl groups for enzymatic reaction increases but the process causes a dramatic increase in the viscosity of the solution. In highly viscous solutions the diffusion process will reduce the overall reaction rate. Finally, due to the solubilization of the polysaccharide in DMSO, the final product lost its granular structure. The thermal effects are responsible for activation of the reaction at low power of microwaves but may also cause the inactivation of the enzyme when higher power is applied. Application of microwaves allows shortening the reaction times of about 2.5 times with slight increase in substitution. Shortening of the process has influence on degradation susceptibility, so the molecular parameters of the product, by means of average molar mass are higher than those observed at conventional conditions.
Fibers and microwaves
In the past decade, the demands on textile fibers have significantly increased. Large efforts have been made to implement additional functionalities on fibers which can be summarized by the term "smart textiles". Such smart textiles can offer thermo-responsive behavior, conductivity, self-cleaning effects… and for some of these applications fibers are modified with nanoparticles exhibiting specific properties. Among them, the incorporation of silver nanoparticles has proven to induce antimicrobial activity [50, 51] . In most of the cases, the manufacturing process involves a separate silver nanoparticle synthesis step followed by a loading of the particles onto the fibers using crosslinking agents or adsorption via electrostatic interactions as an example. For preparing silver nanoparticles, the reduction of silver (I) species is usually achieved using an excess amount of an external reducing agent such as NaBH 4 , hydrazine…using elevated temperatures [52] . The high cost and the environmental impact caused by the use of reducing agents can be avoided by the replacement with reducing polysaccharides for silver nanoparticles synthesis. Using microwave irradiation the nanocomposite fibers may be obtained by an in situ process where silver nanoparticles are generated by the reduction of AgNO 3 in the presence of chitosan sulfate acting as a reducing agent in close spatial proximity to the fiber where adsorption takes place [53] . All nanocomposites exhibit similar mechanical strength compared to the unmodified fibers and show excellent microbial activity toward E. coli bacteria. Carefully conducted control experiments involving the generation of colloidal silver nanoparticles under microwave and conventional heating under otherwise identical reaction conditions demonstrate that no appreciable differences between particle size and morphology are found comparing both heating methods. However, the silver content of the modified fibers may be the same when the two heating processes are compared but with a reaction duration of 2 h in conventional heating conditions and only 5 min when microwaves are used (Fig. 4) . 
Polysaccharides as valuable resources
During the last decades there has been increased interest in the development of friendly environmentally processes for the preparation of valuable chemicals from agricultural wastes. As the availability of the fossil fuel reserves will become limited, renewable naturally abundant resources are becoming a viable and an important alternative resource. Carbohydrates are the most abundant and inexpensive naturally occurring compounds. Lignocellulosic biomass, as an abundant renewable resource has the potential to become a sustainable supply for the production of chemical intermediates and fuels. Hemicellulose, constituted principally of xylans, polysaccharides consisting of d-xylose units is among the polysaccharide of major interest for such applications. Hydrolysis of xylans was considered to produce rare pentoses employing the catalytic effect of Mo(VI) ions and microwave irradiation as the thermal energy source [54] . This method led to a rapid release of d-xylose from xylans and its immediate transformation to rare aldose, d-lyxose. The combination of two steps makes the method possible to achieve reaction mixture of two valuable pentoses, d-xylose and d-lyxose (Scheme 2), which could be easily transformed to the corresponding alditols (d-xylitol and d-lyxitol) or furfural. The results obtained by application of two heating techniques clearly show that the microwave irradiation caused the differences in the equilibration of the reaction mixtures and thus led to faster conversions and higher yields (Fig. 5) .
Owing to differences in the mode of energy transfer different ratios of stereoisomers as a function of time was observed. The reaction equilibrium was shifted in both cases to the aldose with the lower value of conformational instabilities, thus a larger amount of d-xylose was present. A high input of energy allows the reaction to overcome the energy barrier for products formation very fast (2-3 min) compared to conventional conditions (20-25 h) . Moreover this catalyst was also efficient in the transformation of mixed sources of pentoses to furfural (Scheme 3) where three simultaneous steps (hydrolysis, epimerization and dehydration reaction) are combined in a one-pot reaction. Dramatically shorter reaction times (about two orders) and higher yields of products as compared to conventional methods make this method attractive and applicable also on a semi-preparative scale. Furfural can be considered as a synthon for furanic polymers, among them one finds high-modulus polyamides, insulating polyurethane foams, conjugated polymers for electronic and photonic applications… [55, 56] .
Conclusion
Use of microwave irradiation was extended to polysaccharide chemical or enzymatic modification and widened their interest. Microwave heating is described as more homogeneous, selective and efficient as compared to conventional heating resulting in faster reactions with fewer or no side products, without affecting the original structure and physico-chemical characteristics of the polysaccharide. Microwave heating is not only an alternative for conventional thermal heating for such modifications, but it also offers an alternative environment friendly, cleaner, greener approach resulting in greater control and higher reproducibility in final product. Indeed, the use of water based solvents, dry media conditions but also low energy… present advancements in terms of safety, cost. Overall, it may be concluded that the current advancements in the area of polysaccharide modification under microwave irradiation have generated awareness on obtaining higher performance materials through such processes.
The combination of natural polymers and eco-friendly process based on microwave irradiation can be seen as an interesting breakthrough in the field of macromolecular "green chemistry".
